ABSTRACT Effects of tungro virus-infected rice plants on the behavior and biology of the vector Nephotettix virescens (Distant) were investigated. In a choice test, tungro-infected plants attracted significantly more N. virescens individuals than did healthy plants, but after 24 h more individuals settled on healthy plants. Insect feeding on diseased plants was disrupted and the quantity of food ingested and assimilated was significantly less than on healthy plants. Although there was no significant difference in the number of nymphs that became adults on infected and healthy plants, the growth period was prolonged on diseased plants. A significant reduction in adult longevity, fecundity, egg hatchability, and population growth was observed on tungro-infected plants. However, oviposition was not affected. Tungro-infected plants had a significantly higher free sugar content but soluble protein was significantly lower than in healthy plants.
TUNGRO IS A dreaded disease of rice in tropical Asia. It strikes suddenly and destroys large tracts of rice crop, leaving little scope for palliative or remedial measures. Severe outbreaks of the disease have been recorded recently in Bangladesh (Miah and Ahmad 1974)1, India (Anjaneyulu 1974)2, Indonesia (van Halteren and Sarna 1973) , and Thailand (Lamey et al. 1967 ). In the Philippines, major outbreaks occurred in 1957 , 1962 , 1970 -1971 , and 1977 (Bergonia 1978 . Recently, tungro destroyed nearly 50% of the total crop area in South Cotabato at the height of its infestation in 1981 (Anonymous 1984) 3.
Tungro disease is caused by isometric bacilliform and spherical polyhedral virus particles (Hibino 1983) . The virus is transmitted most efficiently by a leafhopper Nephotettix virescens (Distant) (Rivera and Ou 1965) in a semipersistent manner (Ling 1966) . Infected plants show severe stunting and leaf yellowing because the phloem-specific virus (Galvez 1967) interferes with the transport of essential nutrients in the phloem (Sridhar et al. 1978) . The diseased plants also show some physiological abnormalities such as starch accumulation in leaves (Ling 1972) , increased cytokinin ac-1 Miah,S. A.,and S. Ahmad.1974 . Sourcesof resistanceand breedingfor resistanceto tungroand bacterialblightin Bangladesh.Paperpresentedat International RiceResearch Conference, [22] [23] [24] [25] April.InternationalRice ResearchInstitute,Los Banos, Philippines.
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• Anonymous. 1984. Insectpestmanagement story.Soundslide presentation at International RiceResearchInstitute,LosBanos, Philippines, In the Technology TransferWorkshop, March1984. tivity (Sridhar et al. 1978) , and abscisic acidlike substances (Mohanty et al. 1979) . Furthermore, the virus induces accumulation of proline in leaves of diseased plants that attracts N. virescens and may contribute to subsequent spread of the disease (Mohanty et al. 1983 ). However, other interactions between tungro-infected rice plants and the vector, which could enhance our understanding of tungro epidemiology, have not been investigated. We, therefore, compared the behavior and biology of N. virescens on tungro-infected and healthy rice plants. The healthy and tungro-infected plants were also analyzed for soluble proteins and free sugars because the plant food quality is known to have a profound effect on the physiology of phytophagous insects (McNeill and Southwood 1978 For experiments on the vector's settling response and ovipositional response, 200 seedlings were grown from seeds in two wooden trays (75 by 40 cm). When the seedlings were 15 days old, those in one tray were exposed to 400 viruliferous females for 12 h while seedlings in the other tray were exposed to non viruliferous females. Ten infected and 10 healthy plants were then transplanted at random in a circle near the circumference of an iron tray (60 cm diam) and kept in an insectproof screenhouse for 15 days until infected plants showed tungro symptoms.
The biology and behavior of N. virescens on healthy and tungro-infected rice plants in greenhouse, insectary, and laboratory conditions were compared.
Settling Behavior. The vector was allowed a choice of the 10 healthy and 10 tungro-infected rice plants that had been randomly but equidistantly planted at 25 cm distance from the center of a 60-cm diameter iron tray. The iron tray was covered with a snug-fitting mylar cage (50 cm high, 60 cm diam) having a nylon mesh top with a median hole through which 100 nonviruliferous females (1 to 2 days old) were introduced. The number of females that settled on healthy and tungro-infected plants were recorded at 1, 8, 24, and 48 h after release. The experiment was replicated eight times and the percentages of insects settling at different time intervals on healthy and diseased plants were calculated. Data were compared using X 2 analysis (Thompson 1956 ).
Electronic Recording of Feeding Behavior. The feeding activity of nonviruliferous females was monitored on healthy and tungro-infected rice plants using an electronic recording device (Khan and Saxena 1984) . A 5-cm fine (18~m diam) gold wire (Tanaka Denshi Kogyo, K.K., Tokyo, Japan) was attached by a small quantity of silver paint (Litsilber 200, Demetron, Ranau, Federal Republic of Germany) to the dorsum of a 1-to 2-dayold female. The female was starved but watersatiated for 2 h and placed on an intact leaf of a 30-day-old healthy or diseased plant. The gold wire was connected directly to the negative input terminal of a transistorized, automatic, null-balancing dc chart recorder, having a 250 mm recording width and input resistance of 1 Mn (Unicorder Pantos, Nippon Denshi, Kagaku, Japan). The voltage source consisted of two 1.5-V dc batteries connected in a series. The positive battery terminal was connected to the plant root through a moistened filter paper and aluminum foil (Fig. 1) . The negative battery terminal was connected directly to the positive input terminal of a chart recorder. The recorder pen was adjusted to the base line of a chart and the insect feeding activity was monitored for 180 min. The chart speed of 1.5 cm/min at 500 m V was adequate for distinguishing various waveforms and associated reversals during insect feeding. All recording was done at 27 ± 2°C. A fresh female and a fresh plant were used in each of 15 replications on healthy and diseased plants.
Ingestion and Assimilation of Food. To determine the quantity of food ingested and assimilated, newly emerged, non viruliferous females were weighed individually on a microbalance and enclosed singly in parafilm sachets (5 by through each of which was passed the leaf of a healthy or a tungro-infected plant. After 24 h, insect weight and excreta were recorded separately.
To assess the loss in body weight due to wear and tear, a control check was similarly set in which the insect was given access to a moist cotton swab. The amount of food ingested and assimilated by the insect was calculated as follows (Saxena and Pathak 1977) 4;
where WI = initial weight of insect, W2 = final weight of insect, C1 = initial weight of control insect, C2 = final weight of control insect. Food ingested = food assimilated + weight of excreta.
There were 15 replications each for healthy and diseased plants, each replicate composed of five females caged individually in parafilm sachets on five different plants.
Growth. Potted, healthy and tungro-infected plants covered with mylar cages (90 cm high, 10 cm diam) were arranged in a randomized complete block design in a water-filled tray and infested with first-instar nymphs in batches of 10. There were 15 replications for each treatment. Growth was measured as the number of nymphs that became adults and the time taken to reach the adult stage. The insect growth index on healthy and diseased plants was calculated as the ratio of percentages of nymphs developing into adults to the mean growth period in days .
Adult Longevity and Fecundity and Egg Hatchability. The longevity of newly emerged, nonviruliferous males and females, fecundity of females, and hatchability of eggs were determined on healthy and tungro-infected plants. The potted plants, arranged in a randomized complete block design in a water-filled iron tray, were covered with mylar cages (90 cm high, 10 cm diam) and infested at a rate of 10 pairs of males and females per pot. There were 15 replications for each treatment, each pot representing a replicate. Survival of males and females was recorded daily up to 20 days after infestation. The total number of nymphs emerging on the plants was recorded and represented the number of viable eggs produced by the females during their lives. At the end of nymph emergence, unhatched eggs in plants were counted by dissecting leafsheaths under a 20 x dissecting binocular microscope.
Ovipositional Preference. One hundred nonviruliferous, gravid females reared on healthy TN1 plants were released in the middle of a circular (60 cm diam) tray, which was covered with a mylar cage and had at its periphery 10 each of ran- domly arranged, healthy and diseased rice plants. The insects were allowed to oviposit for 24 h, after which the plants were removed and dissected under a binocular microscope to record the number of eggs laid. The experiment was replicated eight times.
Population Increase. Potted healthy and tungro-infected plants were covered with mylar cages (90 cm high, 10 cm diam) and arranged in a randomized complete block design in a water-filled tray. There were 15 replications per treatment; each pot infested with three gravid, nonviruliferous females represented a replication. The number of nymphs and adults was recorded at 30 and 60 days after infestation. Insects were transferred to fresh plants of identical age if infested plants started showing symptoms of hopperburn. Insects that fell off the plants onto the soil and died were counted every week and pooled with the rest of the progeny.
Estimation of Soluble Proteins and Free Sugars in Plants. Thirty-day-old healthy and tungroinfected TN1 rice plants were analyzed for soluble proteins and free sugars on a dry-weight and a wet-weight basis following the estimation methods of Lowry et al. (1951) and Yoshida et al. (1976) . The analyses were based on 12 samples each of healthy and diseased plants; each sample consisting of 3 plants.
Phagostimulatory Response to Sugar Solution of Ditferent Concentrations. The phagostimulatory response of N. virescens to different concentrations (0.001, 0.01, 0.1, 1.0 M) of fructose, glucose, or sucrose was compared with that of water in separate tests. Known amounts of sugar solutions or water in parafilm membrane sachets were offered for feeding to newly emerged females in a choice test. The sachets were mounted singly on circular plastic cups (3 cm long, 2.45 cm diam) arranged equidistantly inside a feeding chamber. The feeding chamber, made from a plastic petri dish (2.5 cm high, 14 cm diam) painted black, had five holes (2.5 cm diam) equidistantly arranged in a circle and a nylon-mesh ventilation hole (2 cm diam) in the center at the bottom of the chamber. Each plastic cup had one end slightly flared to hold a parafilm sachet and fitted snugly and level with any of the five holes in the feeding chamber. A piece of parafilm (2 em") was stretched uniformly two-fold and spread on the flared end of the feeding cup and 2 ml of test solution or water was poured on the stretched parafilm, using a pipette. Another piece of parafilm was stretched over the feeding cup so that test solution or water was sandwiched between the two para film membranes.
The feeding cups, along with their respective sachets, were weighed (WI) and randomly arranged in the five holes in the feeding chamber, allowing the insects a choice of five feeding sites (i.e., four sachets filled with sugar solutions of different concentrations and a control with water only).
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The feeding chamber was mounted on a clear snug-fitting plastic dish, partly filled with water to provide adequate humidity inside the feeding chamber. Twenty newly emerged, 3-h starved females were introduced into the chamber through a small nylon mesh-covered hole in the center of its lid. The feeding chamber was kept in an incubator at 26 to 27°C and 65 to 70% RH on a yellow cellophane paper. The lid and the side walls of the feeding chamber were covered with a black paper, permitting yellow light into the chamber from the bottom only. After 24 h, the insects were removed and the feeding cups were reweighed (W2). The difference in the weights (WI -W2) of the feeding cups indicated the quantity of sugar solutions or water ingested by insects in 24 h. Phagostimulation to different concentrations of sugar was calculated as follows ):
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The experiment was replicated five times in a randomized complete block design and data were compared using Duncan's (1951) 
multiple range test (DMRT).
All experimental data, except on insect settling behavior and phagostimulatory response, were analyzed using the t test.
Results
Significantly more insects settled initially on the tungro-infected rice plants than on healthy ones in the choice test (P < 0.01; X 2 test) ( Table 1) . After 8 h, almost equal numbers of females were recorded on infected and healthy plants. After 24 h, the insect settling response was reversed and a significantly higher number of females was recorded on healthy than on infected plants. The waveforms recorded for nonviruliferous females on healthy and tungro-infected TNI plants showed similar patterns for probing, salivation, and xylem ingestion (Fig. 2) . The phloem feeding was sustained longer and its associated waveform pattern was normal on healthy TNI plants (Fig. 2d) . In contrast, in most cases the phloem feeding on tungro-infected plants was interrupted and the associated waveform showed repeated voltage reversals (Fig. 2f) . The quantity of food ingested and assimilated by females was significantly higher on healthy TN1 rice plants than on tungro-infected plants (P < 0.01; analysis of variance [ANOV Al, t test) ( Table 2) .
There was no significant difference in the percentages of nymphs becoming adults on healthy and tungro-infected plants (Table 2) . However, the growth period was prolonged significantly on tungro-infected plants (P < 0.01; ANOV A, t test), significantly reducing the growth index. Male and female survival was significantly lower on tungroinfected plants (P < 0.01; ANOVA, t test) (Table   2 ). Likewise, fecundity of females was significantly higher on healthy than on infected plants (P < 0.01; ANOVA, t test). In the choice test, an almost equal number of eggs was laid by gravid females on healthy and tungro-infected rice plants ( Table  3 ), indicating that both healthy and diseased plants are suitable for oviposition. However, the percentage of eggs hatched on healthy plants was significantly higher compared with that on infected plants (P < 0.01; ANOVA, t test). The increase of N. virescens population, composed of nymphs and adults, recorded at 30 and 60 days after infestation, was significantly lower on tungro-infected plants than on healthy plants (P < 0.01; ANOVA, t test) ( Table 4) .
The soluble protein content decreased significantly in tungro-infected plants (P < 0.01; ANO-VA, t test) ( Table 3 . Ovipositional prererence and egg hatchability or N. l1ire8cen8 on healthy and tungro virus-inrected rice plants " Data are averages of eight replications; each replication had 10 healthy and 10 diseased plants, and 100 gravid females.
b Data are averages of 15 replications; hatchability based on eggs laid by 10 gravid females in each replication. ns, Not significant; **, significantat P < 0.01 level (ANa VA, t test). differed significantly for different concentrations of fructose, glucose, and sucrose solutions (P = 0.05; DMRT) (Table 6) . Fructose at all concentrations tested did not show any significant difference from phagostimulation by water. However, ingestion of 0.1 M fructose solution was significantly (P = 0.05; DMRT) more than 1 M solution. Intake of 0.01 M and 0.1 M glucose solutions was about three times as much as that of water, but intake of 0.001 M and 1 M solutions was not different from that of water. Sucrose solution was most preferred at 0.01 However, phagostimulation by all three concentrations was significantly more than that of water (P < 0.01; ANOVA, t test). Sucrose solution at 1 M concentration was not phagostimulatory.
" Data are averages of 15 replications;in each replication three gravid females were released. **, Significant at P < 0.01 level (ANOVA, t test). Vol. 14, no. 3 characteristic yellowing of leaves, slight stunting and reduced tillering, but survive until maturity (Ling 1976) , acting as sources of inoculum. It is observed, however, that the vector population generally goes down in fields following tungro outbreaks (G. S. Khush, plant breeder, IRRI, personal communication). The cyclic nature of tungro outbreaks has, therefore, been related to population fluctuations of the vector, but definite information on the deleterious effects of tungro-infected rice plants on the vector biology is lacking. Maramorosch (1969) excluded the possibility of any direct or indirect effects of tungro virus on the vector because the virus is not circulative, yet the effect of the altered physiology and nutritional status of tungro-infected plants on the vector and its implication in tungro epidemiology cannot be overlooked.
The greater affinity of N. virescens for tungroinfected plants is apparently due to their attractive yellow color. However, individuals do not remain for long and move to healthy plants. Significantly less intake of food by the insects on diseased plants than on healthy plants indicates that either the infected plants failed to meet the nutritional requirement of the vector or that the food quality was such that it did not evoke adequate phagostimulatory response. Insect restlessness on diseased plants, as evidenced by unidentified voltage reversals in electronically recorded waveforms during phloem feeding, might also be related to unsuitable food quality. This was reflected in insect suboptimal growth, reduced adult longevity and fecundity, lower egg hatchability, and less population increase on tungro-infected plants than on healthy rice plants. Maramorosch and Jenson (1963) discussed a wide range of effects of plant viruses on insects, from the directly lethal to the seriously detrimental to beneficial. Sometimes the plant virus plays a beneficial role in the biology of the vector by altering the morphology and chemistry of the plant so that it provides better shelter (Carter 1939) or better food (Kennedy 1951 , Gildow 1983 . On the other hand, tangible deleterious effects of the virus on vector biology are also known (Yoshii and Kiso 1957, Nakasuji and Kiritani 1970) . In N. virescens, it is more appropriate to relate the observed deleterious effects on vector biology to the nutritional "Phagostimulation = amount of test solution ingested/amount of water ingested. In a column, means followed by the same letter are not significantly different (P = 0.05; DMRT). Means followed by double asterisks are significantly different from phagostimulation for water (value = 1) at P < 0.01 level (AN OVA, t test) .
quality of the tungro-infected plants because the virus itself is semipersistent or stylet-borne.
The observed significant increase in sugar content and decrease in soluble proteins in diseased plants as compared with that in healthy plants may affect N. virescens growth, longevity, fecundity, and egg hatchability. Accumulation of carbohydrates in tungro-infected rice plants has been reported (Ling 1972) . Among carbohydrates, sugars are the most important phagostimulants for phytophagous insects (Schoon hoven 1968). We found that sucrose was highly phagostimulatory to N. virescens at relatively low concentrations of 0.001 to 0.1 M, while glucose was phagostimulatory at 0.01 and 0.1 M; fructose was only slightly phagostimulatory at 0.1 M. also determined the gustatory excitation of feeding in a cotton leafhopper, Empoasca devastans (Distant), at different concentrations of fructose, glucose, and sucrose in comparison with water. They found that fructose was not phagostimulatory to the leafhopper, but ingestion of 0.01 M glucose solution was about twice that of water. On the other hand, intake of sucrose solution, which at 0.01 M was ingested 3-fold more than water, decreased at 0.1 M concentration to the same level as that of water. This indicated that higher concentrations of sucrose, the main free sugar in plants, may not evoke phagostimulatory response by cicadell ids. Thus, it is likely that the higher content of free sugars in tungro-infected rice plants contributes to lower food intake.
Virus replication in plant tissue is also known to disturb nitrogen metabolism (Diener 1960) . Deficiencies of total nitrogen and alcohol-soluble nitrogen were recorded in tobacco mosaic virus-infected tobacco leaves (Elbertzhagen 1958) . Likewise, Miczynski (1961) reported a deficiency of free amino acids and amides in potato virus X-infected tobacco leaves. Plant food quality, often measured by levels of available nitrogen and amino acids, profoundly affects the nutritional physiology of phytophagous insects (McNeil and Southwood 1978) . Depletion of soluble proteins by tungro virus lowers the food quality for N. virescens and reduces its fitness on diseased plants.
To escape from nutritionally poor virus-infected plants, the vector locates healthy rice plants and in the process transmits the semipersistent tungro virus. The attraction of the vector to infected plants (but their low settling response on them due to poor food quality) and the semipersistent nature of the virus create a situation favorable to the spread of the disease to healthy plants. However, once a tungro outbreak has occurred, the vector is left with little choice other than to feed on nutritionally poor, diseased plants, which then brings about a natural reduction in vector population. The cyclic nature of tungro outbreaks may be attributed to these unique events in the life of the vector and the host.
